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ABSTRACT
Super-Earths possess low-mass H2/He atmospheres (typically less than 10% by mass). However, the
origins of super-Earth atmospheres have not yet been ascertained. We investigate the role of rapid disk
clearing by photoevaporation during the formation of super-Earths and their atmospheres. We perform
unified simulations of super-Earth formation and atmospheric evolution in evolving disks that consider
both photoevaporative winds and magnetically driven disk winds. For the growth mode of planetary
cores, we consider two cases in which planetary embryos grow with and without pebble accretion. Our
main findings are summarized as follows. (i) The time span of atmospheric accretion is shortened
by rapid disk dissipation due to photoevaporation, which prevents super-Earth cores from accreting
massive atmospheres. (ii) Even if planetary cores grow rapidly by embryo accretion in the case without
pebble accretion, the onset of runaway gas accretion is delayed because the isolation mass for embryo
accretion is small. Together with rapid disk clearing, the accretion of massive atmospheres can be
avoided. (iii) After rapid disk clearing, a number of high-eccentricity embryos can remain in outer
orbits. Thereafter, such embryos may collide with the super-Earths, leading to efficient impact erosion
of accreted atmospheres. We, therefore, find that super-Earths with low-mass H2/He atmospheres are
naturally produced by N -body simulations that consider realistic disk evolution.
Keywords: Planet formation – Exoplanet dynamics – Exoplanet atmospheres – Exoplanet formation
1. INTRODUCTION
Recent observations, including those made by Kepler
(Borucki et al. 2010), have found a large amount of low-
mass planets around solar-type stars. Such planets are
in the mass range between about 1 and 50M⊕, with typ-
ical core masses of about 3 − −10M⊕ (e.g., Lee 2019),
which are called super-Earths and/or sub-Neptunes.
Hereafter we refer to these planets as super-Earths. Sev-
eral important orbital properties of super-Earths, in-
cluding their period–ratio distributions, have been re-
vealed (e.g., Lissauer et al. 2011; Fabrycky et al. 2014),
which have been successfully reproduced by recent N -
body simulations of planet formation (e.g., Izidoro et al.
2017; Ogihara et al. 2018a; Lambrechts et al. 2019). In
this context, more information regarding the mass of
H2/He atmospheres of super-Earths is slowly being ob-
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tained. Although it is not currently possible to firmly
constrain the amount of H2/He atmospheres by trans-
mission spectroscopy of transiting super-Earths (e.g. de
Wit & Seager 2013), there are several lines of evidence
that most super-Earths do not possess massive H2/He
atmospheres. Combining the mass–radius relation with
interior modeling, it is possible to estimate that most
super-Earths possess low-mass atmospheres, typically
less than about 10% by mass (Lopez & Fortney 2014).
In addition, the occurrence rate of super-Earths around
solar-type stars is estimated to be about 30–50% (e.g.,
Fressin et al. 2013; Petigura et al. 2013; Zhu et al. 2018),
while those of hot-Jupiters and warm-Jupiters are ex-
pected to be less than 1% (Udry et al. 2003; Howard
et al. 2010; Mayor et al. 2011), which indicates that
super-Earths can easily avoid the runaway gas accretion
process during the evolution of protoplanetary disks.
The formation of super-Earths with low-mass atmo-
spheres is an open issue in planet-formation theory. One
example of an unsolved problem is to explain why the
cores of super-Earths, which are thought to undergo
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runaway gas accretion within the lifetime of the pro-
toplanetary disk (Ikoma & Hori 2012; Piso & Youdin
2014), did not undergo runaway gas accretion. Sev-
eral solutions have been proposed in the literature: high
envelope opacity or polluted envelopes (e.g., Lee et al.
2014; Brouwers & Ormel 2020), rapid recycling of the
accreting gas (e.g., Ormel et al. 2015; Cimerman et al.
2017; Lambrechts & Lega 2017; Kurokawa & Tanigawa
2018; Kuwahara et al. 2019), limited disk accretion (e.g.,
Ogihara & Hori 2018; Ginzburg & Chiang 2019), atmo-
spheric loss during disk dissipation (e.g., Ikoma & Hori
2012; Hori & Ogihara 2020), and final assembly during
disk dissipation (e.g., Lee et al. 2014).
To address this issue, we performed unified simula-
tions of super-Earth formation and atmospheric evolu-
tion in Ogihara & Hori (2020, hereafter Paper I), and
found the following conclusions: (i) atmospheric heat-
ing by pebble accretion (Lambrechts et al. 2014), which
inhibits the inflow of disk gas, ceases before disk gas
dispersal, (ii) atmospheric mass loss through giant im-
pacts does not occur frequently, and (iii) massive atmo-
spheres remain even after long-term photoevaporation
of the atmosphere (see also Owen & Wu 2017). There-
fore, it is suggested that other mechanisms are required
to explain the formation of super-Earths with low-mass
atmospheres.
In this paper, we consider a new disk evolution model
that takes into account mass loss due to photoevapo-
ration. In Paper I, we used a viscously evolving disk
model in which mass loss due to magnetically driven
disk winds (MDWs) and mass accretion due to disk
winds (also known as wind-driven accretion) are con-
sidered (Suzuki et al. 2016). In that study, mass loss
due to photoevaporation was not included. This simpli-
fication may not be appropriate however, as disk gas is
thought to be lost due to high-energy irradiation (e.g.,
Clarke et al. 2001; Gorti et al. 2009; Tanaka et al. 2013;
Nakatani et al. 2018). For example, Kunitomo et al.
(2020) investigated the long-term evolution of proto-
planetary disks by considering mass loss due to both
magnetically driven winds and photoevaporative winds
(PEWs). They showed that the disks can be rapidly
depleted during the disk-dissipation phase, as also sug-
gested by observations (e.g., Haisch et al. 2001).
In this paper, we examine the effects of rapid disk
clearing due to photoevaporation on the formation and
evolution of super-Earth atmospheres. We perform N -
body simulations of super-Earth formation around a
solar-mass star by adopting a new disk evolution model.
In Paper I, we assumed that planetary cores grew mainly
by pebble accretion. In this work, we also examine the
case in which cores grow without pebble accretion.
The remainder of this paper is organized as follows. In
Section 2, we outline our simulation model. In Section 3,
we present the results of the simulations for disks that
undergo, and do not undergo, mass loss due to photoe-
vaporation. In Section 4, we discuss how super-Earths
with low-mass atmospheres can form. Finally, in Sec-
tion 5, we summarize our conclusions.
2. MODEL
2.1. Disk evolution
We simulated the evolution of protoplanetary disks,
including the effects of MDWs, PEWs, viscous accre-
tion, and wind-driven accretion. As in Paper I, we nu-
merically solved the 1D diffusion equation following the
method of Suzuki et al. (2016), in which the PEW ef-
fect was newly included here based on Kunitomo et al.
(2020). We have briefly summarized our model in the
following (see these papers for full details).
The equation for the density evolution is given by
∂Σg
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where Σg is the gas surface density, Ω is the angular
velocity, ρ is the density, and cs is the sound speed. In
the simulations, we used cylindrical coordinates (r, φ, z),
and we assumed Ω = ΩK, where ΩK is the Keplerian
frequency. The disk temperature was determined by
stellar irradiation and viscous heating. For the latter,
we considered energetics and adopt eqs. (19) and (23)
from Suzuki et al. (2016). The terms αrφ and αφz rep-
resent viscous accretion and wind-driven accretion, re-
spectively. We also assumed that αφz increased with
decreasing Σg (see eq. (30) of Suzuki et al. 2016).
The third term on the right-hand side of Eq. (1)
represents the mass-loss rate via MDWs. The non-
dimensional factor, Cw, is given by
Cw = min (Cw,0, Cw,e) , (2)
where Cw,0 is a constant value inferred from local shear-
ing box MHD simulations (Suzuki & Inutsuka 2009;
Suzuki et al. 2010), and Cw is also limited by ener-
getics of accreting disks through Cw,e. In this arti-
cle, we adopted the value of Cw,e given in eq. (18) of
Suzuki et al. (2016), which corresponds to energetic
winds (called a ’strong MDW’ by Suzuki et al. (2016))1.
The last term on the right-hand side of Eq. (1) rep-
resents the mass-loss rate by PEWs, which in turn are
1 The same prescription was used in Paper I.
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driven by X-rays and extreme-UV (EUV) photons from
the central star. The PEW rate, Σ˙PEW, has been taken
from the studies of Alexander et al. (2006); Alexander
& Armitage (2007); Owen et al. (2012), as described by
Kunitomo et al. (2020). We assumed typical values of
the X-ray luminosity and EUV photon flux for solar-
mass stars, which are 1030 erg s−1 and 1041 s−1, respec-
tively.
In this article, the parameters of the disk evolution
were chosen as αrφ = 8 × 10−3 and Cw,0 = 2 × 10−5,
unless otherwise noted. The stellar mass and bolometric
luminosity were taken as 1M and 1L, respectively.
We also adopted Σg ∝ r−3/2 as an initial condition, and
the initial disk mass was 0.118 M. Please note that in
this article, we assumed that planetary formation starts
after the disk has evolved for 0.1 Myr.
Figure 1 shows the evolution of the Σg profile. Here,
wind-driven accretion and Σ˙MDW played a dominant
role in controlling the behavior of the disk gas, unless
the accretion rate significantly decreased. There was no
difference between the t − Σg profile with and without
PEWs until ' 1 Myr 2. At 1.54 Myr, the X-ray driven
PEWs opened a gap around 1 au, and then the inner
disk rapidly cleared out over the viscous timescale of the
gap. The outer disk was directly irradiated, and com-
pletely dispersed within 2.5 Myr. We refer to figure 2 of
Kunitomo et al. (2020) for a case with a different set of
parameters (αrφ = 8× 10−5 and Cw,0 = 1× 10−5), the
values of which were used in the simulations shown in
Appendix A.
2.2. Planetary formation
The growth of planetary cores may proceed via pebble
accretion and/or embryo accretion. In this article, we
have examined both cases.
2.2.1. Pebble accretion
One theory is that planets grow by accreting pebbles.
Here, we briefly summarize prescriptions for pebble ac-
cretion (see also section 2.1.1 of Paper I for more de-
tails). In the simulations that considered pebble ac-
cretion, we started with embryos of Mini = 0.01M⊕.
These masses were larger than the transition mass from
the Bondi regime to the Hill regime (Lambrechts & Jo-
hansen 2012). Thus, we basically considered the Hill
2 We used a time-explicit method to simulate the evolution with
PEWs, as done by Kunitomo et al. (2020), whereas a time-
implicit method was used for the case without PEWs, following
Paper I. The different numerical schemes resulted in only small
differences in Σg (at most a factor of three) in the early (. 1 Myr)
phase (see also the discussion provided by Kunitomo et al. 2020).
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Figure 1. Top panel. Temporal evolution of Σg.
The thick green lines show the evolution with PEWs at
t = 0, 1, 1.5, 1.54 and 2 Myr (from top to bottom), whereas
the thin gray lines show the evolution without PEWs at
t = 0, 1, 5 and 10 Myr (from top to bottom). Both coincide
at t = 0. The thin black dotted line shows the initial condi-
tions of the disk evolution. We note that t = 0 in this article
corresponds to 0.1 Myr after the disk evolution started (see
text). Bottom. Temporal evolution of the gas accretion rate
, M˙disk, at 0.3 au in the cases with and without PEWs (solid
green and dashed gray lines, respectively), which is discussed
in more detail in Section 4.1.
regime only. The pebble accretion rate is
M˙acc,pb =
{
2reffvaccΣpb (for 2D)
pir2effvaccρpb (for 3D),
(3)
where Σpb and ρpb are the pebble surface density and
the pebble density on the midplane, respectively. In the
2D (or 3D) accretion mode, the pebble scale height Hpb
is smaller (or larger) than the effective cross section reff .
The accretion velocity for the Hill regime is given by
vacc ' reffΩK. The effective cross section of pebbles for
the Hill regime is
reff =
( τs
0.1
)1/3
RH, (4)
where τs and RH indicate the Stokes number and the
Hill radius, respectively. When the stopping time of
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pebbles was longer than the inverse of the Keplerian
frequency, a reduction of reff was considered (e.g., Ormel
& Klahr 2010; Ormel & Kobayashi 2012). The pebble
accretion efficiency can change when eccentricities and
inclinations of planets are excited (Liu & Ormel 2018;
Ormel & Liu 2018), which is not considered here for
simplicity.
For the pebble surface density, we adopted the same
model as Paper I, such that
Σpb =
M˙pb
2pirvr
. (5)
The radial drift velocity vr is given following (Weiden-
schilling 1977; Nakagawa et al. 1986)
vr = − 2τs
τ2s + 1
ηvK, (6)
where η represents the non-dimensional pressure gra-
dient. As the value of the pebble mass flux is poorly
constrained, the pebble mass flux, M˙pb, is treated as a
parameter (e.g., Lambrechts et al. 2019; Izidoro et al.
2019; Bitsch et al. 2019). We considered 1-mm-size sil-
icate pebbles, as in previous studies (e.g., Morbidelli
et al. 2015; Izidoro et al. 2019). See also discussions
in section 2.2 of Liu et al. (2019).
The growth timescale of 2D pebble accretion is
roughly given by
tacc,pb =
M
M˙acc,pb
'1× 105 yr
(
τ
1/3
s
τ2s + 1
)(
M
M⊕
)1/3
×
(
M˙pb
10−4M⊕ yr−1
)−1 ( η
10−3
)
.(7)
The accretion of pebbles is halted when the planet
reaches the pebble isolation mass (e.g., Morbidelli &
Nesvorny 2012; Bitsch et al. 2018)
Miso,pb = 25M⊕
(
H/r
0.05
)3{
0.34
( −3
log 10(αrφ)
)4
+ 0.66
}
×
(
1−
∂ lnP
∂ ln r + 2.5
6
)
. (8)
Although it is usually assumed that wind-driven accre-
tion may not contribute to the pebble isolation mass
(e.g. Johansen et al. 2019), it could be possible that the
pebble isolation mass becomes larger due to αφz. Note
that the increase in the pebble isolation mass does not
change our conclusions in this paper. The effect of wind-
driven accretion on the pebble isolation mass should be
investigated by hydrodynamical simulations.
2.2.2. Embryo accretion
In half of the simulations performed in this work, we
considered core growth by embryo collisions, rather than
pebble accretion. We started these simulations with an
embryo mass of Mini = 0.1M⊕, unless otherwise stated.
The growth rate of a core in the dispersion-dominated
regime in a swarm of embryos with a local surface den-
sity (Σd) and velocity dispersion (v) is
M˙acc,em = ΣdΩKpiR
2
(
1 +
v2esc
v2
)
, (9)
where R and vesc(=
√
2GM/R) are the physical radius
and the surface escape velocity of the core, respectively.
Then, the core growth timescale by embryo accretion
is
tacc,em =
M
M˙acc,em
'6× 106 yr
(
Σd
77 g cm−2
)−1 ( a
1 au
)3/2
×
(
M
M⊕
)1/3(
1 +
v2esc
v2
)−1
, (10)
where we assumed that the mean density of an embryo
was 3 g cm−3.
Core growth by embryo accretion is halted when all
of the embryos in the vicinity of the core have accreted.
This isolation mass is
Miso,em = 2pia∆aΣd, (11)
'2.4M⊕
(
C
10
)3/2(
Σd
77 g cm−2
)3/2 ( a
1 au
)3
×
(
M∗
M
)−1/2
, (12)
where ∆a = CRH, and C ' 10 for oligarchic growth.
Note that the isolation mass is given under the assump-
tion that planets stay their orbits. As we show in the
following sections, migration is a minor effect in our sim-
ulations.
2.2.3. Collisions
The orbital evolutions of all bodies in the N -body sim-
ulations were tracked, and the mutual gravitational in-
teractions between them were calculated. In standard
models, perfect merging is assumed. In some simula-
tions, we also considered hit-and-run collisions. Accord-
ing to Genda et al. (2012), the critical impact velocity
for perfect accretion between planets with masses of M1
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and M2 is
vcrit
vesc,2b
= 2.43
(
M1 −M2
M1 +M2
)2
(1− b)5/2
−0.0408
(
M1 −M2
M1 +M2
)2
+ 1.86(1− b)5/2
+1.08, (13)
where vesc,2b is the two-body escape velocity. The im-
pact angle is expressed by the impact parameter b(=
sin θ), where b = 0 means a head-on collision. When
the impact velocity, vimp, was smaller than the critical
velocity, the collisions were treated as perfect mergers.
Otherwise, the planets ’bounced’ with a tangential ve-
locity of v′t = max(vimp,t, vesc,2b), where vimp,t is the
tangential component of the impact velocity.
2.2.4. Disk–planet interactions
Mars-mass or larger planets undergo damping of their
semi-major axes and eccentricities (e) due to disk–planet
interactions. In this work, we used the formula for type-
I migration developed by Paardekooper et al. (2011).
Planets undergo rapid inward migration in a power-law
disk, e.g. like a minimum-mass solar nebula. However,
as the surface density slope can be flat or even positive in
our disk model, the desaturated co-rotation torque could
yield a positive torque, thereby leading to suppressed
inward migration (Ogihara et al. 2018a). We also con-
sidered a reduction of dampings for planets with high
values of e and i (Cresswell & Nelson 2008). Type-II
migration for larger planets was also considered. Ac-
cording to Kanagawa et al. (2018), the type-II migra-
tion timescale can be expressed as ta,II ' ta,I(Σg/Σmin),
where Σmin is the gas surface density at the bottom of
the gap, which is expressed by
Σg
Σmin
= 1 + 0.04
(
M
M∗
)2(
H
r
)−5
αrφ
−1. (14)
2.3. Atmospheric evolution
2.3.1. Atmospheric accretion
For a planetary core to start accreting a massive
H2/He atmosphere from the gas disk, the cores should
exceed the critical core mass. The critical core mass in-
creases as the atmosphere becomes heated due to the
accretion of pebbles. In Paper I, we performed a series
of 1D structure calculations with accretion heating, and
derived the following formula
Mcrit = 13M⊕
(
M˙acc,pb
10−6M⊕ yr−1
)0.23
. (15)
A detailed explanation is given in the appendix of Pa-
per I.
The actual atmospheric accretion rate onto a core that
exceeds the critical core mass is given by
M˙atm = min(M˙KH, M˙hydro, M˙disk). (16)
The first term on the right-hand side is determined
by Kelvin–Helmholtz contraction (Hori & Ikoma 2010),
such that
M˙KH = 10
−8M⊕ yr−1
(
Mcore
M⊕
)3.5
. (17)
The second term represents the gas-capture rate derived
from hydrodynamic simulations (Tanigawa & Tanaka
2016)
M˙hydro = 0.29
(
H
r
)−2(
M
M∗
)4/3
r2ΩKΣmin, (18)
where Σmin is expressed in Eq. (14). The third term
represents the supply limit of the global disk accretion,
which is calculated by
M˙disk = max(M˙visc, M˙wind), (19)
where M˙visc and M˙wind are viscous accretion and wind-
driven accretion, respectively. See section 2.1.4 of Pa-
per I for more details. Note that M˙KH becomes smaller
for smaller values of Mcore. The Kelvin–Helmholtz
timescale is longer than the typical disk lifetime con-
sidered in this work (2 Myr) for cores with Mcore .
3M⊕. Therefore, from here on we consider the mass
M = min(M˙crit, 3M⊕) as the critical core mass.
2.3.2. Atmospheric losses
An accreted atmosphere can be blown off during an
impact with another planet (e.g., Genda & Abe 2003;
Schlichting et al. 2015). As in Paper I, we used a scal-
ing law obtained from giant-impact simulations (Stew-
art et al. 2014) . The atmospheric loss fraction (L) of a
planet with Mcore = M1 is approximately given by
L =

1 (107.76 < QS)
0.562 log10QS − 3.37 (106.35 < QS ≤ 107.76)
0.0850 log10QS − 0.340 (QS ≤ 106.35),
(20)
where QS is the specific impact energy of a collision with
a planet of Mcore = M2, which is given by
QS = QR (1 +M2/M1) (1− b), (21)
QR =
1
2
M1M2
(M1 +M2)2
v2imp. (22)
This scaling law can be derived for terrestrial planets
with relatively thin atmospheres. Although the propor-
tion of atmospheric erosion decreases for massive atmo-
spheres, a similar scaling law was obtained in recent SPH
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Table 1. List of models. Five runs were performed for each model.
Name PEW M˙pb(M⊕/yr) Comments
PB1 No 1.0× 10−4 Without PEWs (same as in Paper I)
PB2 Yes 1.0× 10−4 Standard model
PB3 Yes 2.0× 10−4 High pebble flux
PB4 Yes 1.0× 10−4 Hit-and-run collisions
PB5 No 2.0× 10−4 High pebble flux for PB1
simulations by Kegerreis et al. (2020). In our simula-
tions, when a planet underwent a hit-and-run collision,
we assumed that same scaling law held.
3. RESULTS
3.1. Pebble accretion
3.1.1. In a disk with no PEW effects
First, let us review the results of the simulations that
considered pebble accretion. The conditions of each
model are listed in Table 1. Simulations started with
embryos with 0.01M⊕ that were distributed between
0.2 and 1 au with orbital separations of 15 mutual Hill
radii, which is comparable those used in Paper I. Fig-
ure 2(a) shows a typical outcome of our simulations in a
disk without the effects of PEW (PB1), which is compa-
rable to the simulations conducted by Paper I. To reduce
the computational cost, the range of orbital distances of
the initial planetary seeds was narrower in this paper
(i.e., initial seeds are distributed between 0.1 and 2 au
in Paper I). Nevertheless, the results are basically the
same as found by Paper I.
A brief overview of the orbital evolution in this sce-
nario is as follows. For more details, the reader is re-
ferred to the work of Ogihara et al. (2018a) and Pa-
per I. We found that type-I migration was significantly
suppressed, which have been due to the surface density
slope being almost flat in the inner region at r < 1 au
(see Figure 1). In addition, the gas surface density is
much lower than the minimum-mass solar nebula, which
also contributes to the suppression of migration. Plan-
ets with masses of M & 0.1M⊕ underwent slow in-
ward migration after t ∼ 1 Myr, and some planets were
captured in mean-motion resonances (MMRs). In the
simulation shown in Figure 2(a), the planets formed a
chain of MMRs (typically 5:4 MMRs) at t ' 1.5 Myr.
The resonant chain exhibited an orbital instability at
t ' 2.2 Myr, in which the chain had broken. We per-
formed five runs for each model, where we changed the
initial locations of embryos in each, and we found that
only two pairs of MMRs remained at the end of all sim-
ulations. This fraction of resonant systems is consis-
tent with the orbital properties of observed super-Earths
(Ogihara et al. 2018a).
The evolution of atmospheric masses simulated here
was the same as considered by Paper I. As the planetary
cores grew via pebble accretion, the critical core mass
was kept large (& 10 M⊕) due to the accretion heat-
ing of the atmospheres (Eq. 15). Some planets reached
the pebble isolation mass by t ' 1.6 Myr, and after
that, the critical core masses became smaller than the
core masses (i.e., Mcore & 3M⊕ while Mcrit ' 3M⊕),
which led to the accretion of massive H2/He atmo-
spheres. This process was also confirmed in the recent
work (Bru¨gger et al. 2020). The late orbital instability
at t ' 2.2 Myr mentioned above was likely triggered by
planetary growth (i.e., atmospheric accretion, and core
accretion by pebbles). Figure 3 summarizes the final at-
mospheric mass fractions of the five runs of simulations
for each model. In the simulations that considered disks
without PEW (panel a), the super-Earth cores accreted
massive (' 10 − −90 wt%) H2/He atmospheres, which
is inconsistent with the H2/He atmospheric proportions
observed for known super-Earths.
3.1.2. In a disk with PEW effects
Figure 2(b) shows a typical outcome in a disk under
the effects of PEWs (PB2). We found that the accre-
tion of massive atmospheres could be avoided in this
case. The time taken to reach the pebble isolation mass
(t ' 1.5 Myr) was comparable to that in PB1 simula-
tions. However, the disk gas rapidly dissipated due to
PEWs at t & 1.5 Myr (see Figure 1). Therefore, the
planets ceased accreting atmospheres soon after they
exceeded the critical core mass. Figure 3(b) summa-
rizes the five runs of simulations for this model. We
confirm that no planets accreted massive atmospheres.
This is consistent with the estimated proportion of at-
mospheres of observed super-Earths (. 10wt%). Note
that the simulated planets possessed only very low-mass
H2/He atmospheres (< 0.01% mass fraction); however,
the actual atmospheric fractions could be slightly higher
because we did not consider atmospheric accretion onto
cores that were smaller than the critical core mass.
Figure 2(c) shows the results of simulations (PB3)
in which the pebble flux increased by a factor of two
from the simulation shown in Figure 2(b) (i.e., PB2).
In this case, the cores reached the pebble isolation mass
at t ' 1.0 Myr, and the time taken to reach the peb-
ble isolation mass shortened by ' 0.5 Myr. Thus, some
planets that reached the pebble isolation mass accreted
some gaseous material before the inner gas disk became
depleted of gas at t & 1.5 Myr. In Figure 3(c), we see
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Figure 2. Temporal evolution of the semi-major axes (top), core masses (middle) and atmospheric mass fractions (bottom).
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Figure 3. Atmospheric mass fractions at the end of the simulations (t = 50 Myr). Five simulations were performed for each
model.
that several planets accreted atmospheres with more
than 10wt%. Note, however, that the proportions of
accreted atmospheres were smaller than those found for
PB1 without PEW effects, even though the cores were
more massive. This is because the duration of atmo-
spheric accretion was shortened by the rapid disk clear-
ing. Thus, the mass loss due to PEWs played an im-
portant role in decreasing the amount of accreted atmo-
spheric gas. In Figure 3(c), we can also see that smaller
planets with Mcore . 10M⊕ did not accrete thick atmo-
spheres. These planets grew in wider orbits (r ' 1 au),
where the pebble-accretion rate was smaller, and the
time to reach the pebble isolation mass was almost com-
parable to the timing of disk depletion.
We also investigated the effects of hit-and-run col-
lisions on the amount of H2/He atmospheres. When
hit-and-run collisions were considered, the planets ex-
perienced a larger number of impact events to grow to
the same size. Figure 3(d) shows a summary of sim-
ulations performed without PEW effects, but in which
hit-and-run collisions were considered (PB4). We found
that planets in PB4 showed final atmospheric mass dis-
tributions similar to those found for the simulations in
which perfect accretion between embryos was assumed
(PB1). This is because, as shown in Figure 2(a), the
planets were in stable orbits after accreting massive at-
mospheres (t > 3 Myr), and giant-impact events were
rare during this phase. We also found that hit-and-run
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collisions were less frequent than collisional events of
perfect merging. In fact, there was no clear difference
in the total number of erosion events between PB1 and
PB4.
Next, we compared the mass–radius distributions of
the simulated planets with those of observed planets.
Figure 4 shows a mass–radius diagram, in which the
small circles represent confirmed exoplanets, and the
blue circles show the results of simulations PB2 and
PB3 at the end of simulation (t = 50 Myr). To compare
with PB3, we performed additional simulations (PB5) in
which the pebble flux was increased by a factor of two
from that used in PB1. The orange circles in Figure 4
thus show the results of simulations in disks without
mass loss due to PEWs (PB1 and PB5). The radii of
the simulated planets were calculated by interior models
(see the method presented by Paper I). The planetary
radii of the planets that formed in disks that did not
undergo mass loss due to PEWs (PB1 and PB5) were
much larger than those of observed super-Earths. On
the other hand, we found that the radii of the formed
planets for PB2 and PB3 were consistent with the typ-
ical radii of observed super-Earths. In the PB3 simula-
tions, where the pebble flux was increased by a factor
of two, planets with M ' 10 − 40M⊕ possessed some
amount of atmospheric gas; however, their radii were
smaller than those found in the PB1 and PB5 simula-
tions.
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Figure 4. Mass–radius diagram of the simulated planets, in
which the small circles represent confirmed exoplanets. Blue
circles show the results of simulations PB2 and PB3 (i.e.,
with PEW effects) at t = 50 Myr, and orange circles are the
results from PB1 and PB5 (i.e., without PEW effects), where
the pebble flux for PB5 was twice as large as that for PB1.
3.2. Embryo accretion
3.2.1. In a disk without PEW effects
Table 2. List of models. Five runs were performed for
each model. We adopted a power-law distribution for the
initial solid distribution as Σd = Σd,ini(r/1 au)
−3/2.
Name PEW Σd,ini(g/cm
2) Comments
EM1 No 77 Without PEWs
EM2 Yes 77 Standard model
EM3 Yes 154 Large solid amount
EM4 Yes 154 Mini = 0.03M⊕
EM5 No 77 Mini = 0.03M⊕ for EM1
In this section, we present the results of simulations in
which the planets grew solely by collisions with embryos.
The properties of each model are listed in Table 2. Em-
bryos with 0.1M⊕ (except for EM4 and EM5) were ini-
tially distributed in accordance with Σd ∝ r−3/2. The
total initial solid mass was assumed as 20M⊕ for the
fiducial case of Σd = 77 g cm
−2(r/1 au)−3/2. Figure 5(a)
shows a typical outcome of our simulation for disks that
did not experience mass loss due to PEWs (EM1). The
big difference with the pebble-accretion model is that
the cores here grew more rapidly, and reached 1M⊕ be-
fore t = 0.01 − −0.1 Myr. This is because the solid
surface density, Σd, was large at the beginning of the
simulation. The orbital evolution of EM1 was found
to be the same as that of Ogihara et al. (2018a), and
we did not observe rapid type-I migration. The effects
of inward migration were clearer than that seen in Fig-
ure 2(a) (PB1) because Earth-mass cores formed in the
early massive-disk phase at t < 0.1 Myr. Nevertheless,
the migration speed was orders of magnitude smaller
than for classical power-law disks, such as a minimum-
mass solar nebula (e.g., Ogihara et al. 2015). During
the slow-migration phase, most planets were captured
in close MMRs (e.g., 6:5 MMRs). As the disk gas slowly
dissipated, the system experienced a late orbital insta-
bility after t ' 3 Myr, which led to a breakup of the
resonant chain. Note that the late orbital instability
was usually triggered by planetary growth (i.e., atmo-
spheric accretion or pebble accretion) in the simulations
with pebble accretion (e.g., PB1, PB2). However, in this
case, the late instability was triggered by disk dissipa-
tion. As seen in the pebble-accretion simulations, most
planets were not in MMRs in the final state. This is
consistent with the orbital properties of observed super-
Earths.
The temporal evolution of the core masses, and the
amount of accreted H2/He atmospheres, are shown in
Figure 5(a). As the growth timescale was short, the
cores reached the isolation mass (. 2M⊕) at t =
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Figure 5. Same as Figure 2, but for models EM1–EM4 in which planets grew solely by planetesimal accretion.
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Figure 6. Same as Figure 3, but for models EM1–EM4.
0.01 − −0.1 Myr. Note that the cores with isolation
masses were not large enough to start runaway gas accre-
tion, because Mcrit was larger than 3M⊕. That is, the
atmospheric accretion timescale is longer than the disk
lifetime (Section 2.3.1). They did not grow further be-
cause they keep separations between neighboring cores
larger than ' 6RH. During the giant-impact phase in
the dissipating disk (t > 3 Myr), the cores grew large
enough to accrete massive atmospheres. After the cores
exceeded the critical core mass, there existed some rem-
nant disk gas, and hence disk accretion occurred (see
Figure 1). In the final state, the planets possessed mas-
sive H2/He atmospheres, which is the same as shown in
Figure 2(a). Note that although the gas surface den-
sity of the disks was already small (∼ 1 g cm−2) after
the giant impacts, the planets were still able to accrete
enough gas from the remnant disk to form atmospheres.
For more details, see the discussion presented in Sec-
tion 4.1. Figure 6 summarize five runs of simulations
for each model. We found that the super-Earth cores
had thick (& 50 wt%) atmospheres, as seen in panel (a)
for EM1.
3.2.2. In a disk with PEW effects
Figure 5(b) shows typical outcomes of simulated disks
that evolve with mass loss due to PEWs (EM2). As
shown in Figure 5(a) for EM1, although the cores grew
rapidly, cores with masses equal to the isolation mass
(. 2M⊕) did not start runaway gas accretion before
the disk dissipated. After the disk gas dissipated to
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some extent, giant impacts between cores occurred,
and the cores started accreting atmospheres thereafter.
Note that the giant-impact events occurred earlier (t '
1.2 Myr) than in EM1, because the disk dissipated ear-
lier in this case (see Figure 1). Soon after that, the
inner disk disappeared due to PEWs, and the planets
stopped accreting atmospheres. Figure 6(b) summarizes
five runs of simulations for PL2, which shows that the
final atmospheric mass fractions were less than ∼10%.
Thus, we also found that super-Earths without mas-
sive atmospheres could form without pebble accretion
in disks that underwent rapid disk clearing via PEWs.
Figure 5(c) shows an outcome of simulation EM3 in
which the initial total solid mass was increased by a fac-
tor of two relative to the PL2 simulations. Compared
to the simulation shown in Figure 5(b), the solid sur-
face density was higher, and thus the isolation mass was
larger (' 5M⊕). The isolation mass was larger than
the critical core mass; therefore the cores started accret-
ing atmospheres during the early phase (t < 0.1 Myr).
As the cores could accrete atmospheric gas for about
1 Myr, the super-Earth cores possessed more massive at-
mospheres than those in the PL2 simulations. As shown
in Figure 6(c), the planets had up to about 30wt% atmo-
spheres, and the accreted masses were larger than those
shown in Figure 6(b) for PL2. However, it is worth
noting that the atmospheric mass fractions were smaller
than those found from the simulations of disks that did
not undergo mass loss due to PEWs (EM1), even though
the core masses were larger. Therefore, we can conclude
that rapid disk clearing by PEW plays a role in limit-
ing, or indeed inhibiting, the accretion of massive H2/He
atmospheres from the remnant disk.
We also performed simulations in which the initial
mass of the embryo was decreased by a factor of three
(EM4) relative to the PL3 simulations, although we
maintained the initial solid surface density. That is, the
initial embryo mass was set to Mini = 0.03M⊕, and
the number of initial particles was increased by a factor
of three. Figure 5(d) shows the temporal evolution of
a typical run. As mentioned above, the isolation mass
was larger than the critical core mass. Thus, the plan-
ets accreted atmospheres during the early stage. The
big difference from EM3 was that planets possessed less
massive H2/He atmospheres, which can clearly be seen
when comparing Figures 6(c) and (d). As seen in Fig-
ure 5(d), this is because the planets experienced more
impact erosion events after the gas disk dissipated at
t & 1.5 Myr. As a consequence of viscous stirring and
energy equipartition between cores with M ' 1M⊕ and
small embryos with M ' 0.03M⊕, the eccentricities of
the small embryos were excited. Such small embryos in
the inner region (r ' 0.3 au) were accreted by the cores
before t = 1 Myr; however, high-eccentricity (e & 0.3)
embryos remained in the outer regions (r & 1 au), even
after the disk gas dissipated. Figure 7 compares a snap-
shot of the system at t = 3 Myr with the same epoch
from EM3. The existence of high-eccentricity embryos
in outer orbits (r & 1 au) can be clearly seen in the EM4
simulations. These high-eccentricity embryos collided
with the inner super-Earths, leading to impact erosion
of the accreted atmospheres. This process is discussed
in detail in Section 4.2.
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Figure 7. Snapshots of systems at t = 3 Myr for EM3 and
EM4. The size of circles are proportional to M1/3.
4. DISCUSSION
4.1. Condition for avoiding runaway gas accretion
The condition for accreting a massive H2/He atmo-
sphere is that once a core grows large enough (Mcore &
3M⊕), some disk gas must be present. In this section,
we discuss in more details the results obtained in Sec-
tion 3.
We will first discuss the core masses in comparison
with the critical core mass. As pebbles accrete onto
a core, the critical core mass remains large (& 10M⊕)
due to pebble heating. Runaway gas accretion is usually
avoided during this phase unless the core mass is signif-
icantly large (Mcore > 10M⊕). This has been shown by
Paper I. The critical core mass with pebble heating was
given by Eq. (15).
Planetary cores cease solid accretion once they reach
the isolation mass (either Miso,pb or Miso,em), as seen
in previous studies (Paper I, Bru¨gger et al. 2020). If
the core mass is sufficiently small (. 2M⊕), the core
does not accrete a massive atmosphere. Figure 8 com-
pares the isolation masses and the critical core masses.
As stated in Section 2.3.1, the critical core mass was
effectively larger than 3M⊕, and the pebble isolation
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mass was usually larger than the critical core mass
without pebble heating. On the other hand, the iso-
lation mass for planetesimal accretion was smaller than
2M⊕ at r . 1 au, assuming Σd = 77 g cm−2(r/1 au)−3/2
(Eq. 11). Thus, the cores did not exceed the critical core
mass in this case (see Figure 8 for the isolation mass).
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Figure 8. The pebble isolation masses calculated from
Eq. (8) in our standard disk under the effects of PEWs at
t = 1 Myr, in which the disk temperature is primarily de-
termined by the stellar irradiation in the late stage of disk
evolution (see fig. 1 of Suzuki et al. 2016). The planetesi-
mal isolation masses were calculated using Eq. (12), in which
Σd = 77 g cm
−2(r/1 au)−3/2 was assumed. The effective crit-
ical core mass (= 3M⊕) is also shown (see Section 2.3.1).
After cores reached the isolation mass, they can grow
via giant impacts between planets. After this giant-
impact phase, the final core masses were effectively de-
termined. When pebble accretion was considered, the
pebble isolation mass was usually larger than ' 3M⊕,
and the core started accreting a massive atmosphere be-
fore the gas-dissipation phase. The value of ∆a/RH,
where ∆a denotes the orbital separation, became smaller
while growing further by atmospheric accretion and peb-
ble accretion (and hence increasing RH), which led to
giant impacts in the gas disk (e.g., PB1 and PB2). On
the other hand, when planets grow solely by accreting
embryos, a late orbital instability was triggered via dis-
sipation of the disk gas after the eccentricity damping
effect had weakened. In the EM1 and PL2 simulations,
the typical gas surface density for triggering the late or-
bital instability was Σg,GI ∼ 1 g cm−2. If the core masses
were still small after the giant impacts, the planets did
not eventually experience any runaway gas accretion.
To form super-Earths, the core mass should be & 3M⊕,
which was larger than the critical core mass. Therefore,
the core eventually exceeded the critical core mass.
Next, we will discuss the disk accretion rate when the
core mass exceeded the critical core mass. Even if the
core mass exceeded the critical core mass, the core could
avoid accreting a massive H2/He atmosphere if there
was only small amount of gas accretion onto the core.
In the following, we will consider two cases. First, we
considered a case in which the core exceeded the criti-
cal core mass in the disk-dissipation phase (t & 1 Myr)
(e.g., PB1–PB2 and EM1–EM2). In a disk not sub-
jected the effects of PEWs, the disk accretion rate was
as high as M˙disk ' 10−4M⊕ yr−1, even at t & 3 Myr and
Σg = Σg,GI(∼ 1 g cm−2) (see Figure 1 for the temporal
evolution of the disk accretion rate). Thus, the core ac-
creted a massive atmosphere in PB1 and EM13. How-
ever, in disks that underwent mass loss due to PEWs,
the disk-clearing timescale after the disk started to dis-
sipate was quite short (∼ 0.1 Myr), and the disk ac-
cretion rate soon became very small at t & 1.5 Myr
(see the bottom panel of Figure 1). In this scenario,
the cores did not accrete massive atmospheres (PB2
and EM2). Thus, the short disk-dissipation timescale
due to PEWs was important for inhibiting the accre-
tion of a massive atmosphere. Second, we considered a
case in which the core exceeded the critical core mass
well before the disk-dissipation phase (e.g., PB3 and
EM3). If the core exceeded the critical core mass during
the early phase when the disk accretion rate was high
(& 10−4M⊕ yr−1), it started accreting a massive atmo-
sphere. Nevertheless, it is worth noting that the amount
of accreted gas was less than that in disks not subjected
to mass loss due to PEWs (e.g., PB3 and EM3), be-
cause the duration of atmospheric accretion was shorter
than in PB1 and EM1. Therefore, in both cases, the
disk dissipation due to PEWs played an important role
in decreasing the amount of accreted gas.
4.2. Impact erosion by eccentric embryos
We found that impact erosion after gas dissipation was
more effective in the EM4 simulation (Figure 5(d)), in
which the initial mass of the embryos was smaller than
in EM3. Here we will discuss the reason for this. First,
we should consider that embryos in eccentric orbits were
present after the disk dissipated. The excitation and
damping of the average eccentricity (e2) of a popula-
tion of embryos with M = M2 that interacted with a
population of embryos with M = M1 and an average
eccentricity of e1 can be expressed as (Ohtsuki et al.
3 Note also that even when the disk dissipated slowly in the ab-
sence of PEW effects, the effective disk accretion rate was small
if the wind-driven accretion did not contribute to atmospheric
accretion (Ogihara & Hori 2018).
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where the first and second terms on the right-hand side
indicate viscous stirring and dynamical friction of a pop-
ulation with M1, respectively. The third term indicates
stirring from embryos in the same population with M2.
For the last deformation, M1  M2 was assumed. The
timescale of the change in the random velocity due to
encounters with the population of M1 can be given by
tg,21 ' M1
piΣ1 ln Λ
[
v2
G(M1 +M2)
]2
Ω−1K , (25)
where ln Λ is the Coulomb logarithm. Given that tg,21 ∝
(Σ1M1)
−1 and tg,22 ∝ (Σ2M2)−1, the eccentricities were
determined mainly by the population of embryos with
M1 for Σ1M1 > Σ2M2. The eccentricities could also be
damped by gravitational interactions with the disk gas.
This damping timescale is given by
tdamp '
(
M
M∗
)−1(
Σgr
2
M∗
)−1(
cs
vK
)4
Ω−1K . (26)
which indicates that eccentricity damping is weaker for
lower-mass embryos, and therefore, smaller embryos
could maintain high eccentricities.
If such high-eccentricity embryos were not accreted
by the cores for long periods, they could exist after the
disk dissipated. The core growth timescale is given by
Eq. (10), which shows that the core accretion timescale
is proportional to r3 assuming Σd ∝ r−3/2. Hence, small
embryos could remain in the outer orbits after gas dis-
persal. Note also that if the eccentricities were damped
by the gas disk, the embryos could have been more effi-
ciently accreted by the cores due to gravitational focus-
ing.
To summarize, the eccentricities of the embryos were
determined by viscous stirring, dynamical friction, and
gas damping. Smaller embryos could maintain high ec-
centricities because the gas damping effect was less effi-
cient. Such embryos could survive even after gas disper-
sal because core accretion was less efficient in the outer
regions. As a result, the inner super-Earths experienced
impact erosion more frequently when smaller embryos
were adopted as the initial condition.
In this paper, the outer boundary of the initial em-
bryo distribution was set to be 1 au. If simulations start
with embryos at larger distances (r > 1 au), there can be
an additional source of impactors that cause the impact
erosion. Collisions of icy embryos that form in the outer
region is also interesting in terms of water delivery to
inner super-Earths. Although N -body simulations that
consider small embryos in the outer region, which avoid
efficient eccentricity damping, are computationally de-
manding, this should be investigated in a separate study.
Next, we will discuss whether impact erosion due
to high-eccentricity embryos is also effective in disks
without the mass loss due to PEWs. We performed
additional simulations (EM5) in which Mini was de-
creased by a factor of three relative to model EM1. The
left panel of Figure 9 shows a summary of five runs
of simulations. Compared with Figure 6(a) for EM1,
we found that the atmospheric fractions were slightly
smaller due to impact erosion. However, this difference
was very small, and the super-Earths possessed mas-
sive atmospheres at the end of the simulations. The
number of high-eccentricity embryos was smaller in the
disk-dissipation phase, and their eccentricities were also
smaller (e . 0.3), as shown in the right panel of Fig-
ure 9. This is because the disk lifetime was longer in the
simulations without mass loss due to PEWs, and the ec-
centricities of the embryos were damped by the remnant
disk. Therefore, rapid disk clearing due to the PEW is
required to decrease the amount of accreted atmospheres
by impact erosion of high-eccentricity embryos.
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Figure 9. Left. Atmospheric mass fractions at the end of
five simulation runs for EM5. Right. A snapshot at t =
3 Myr of a typical run for EM5. The size of the circles are
proportional to M1/3.
It could be possible that impact erosion could remove
a large amount of accreted gas for cases with pebble ac-
cretion, given that high-eccentricity embryos remained
after disk dispersal. Note that, as seen in the EM4
simulations, a certain number of high-eccentricity parti-
cles were needed to significantly reduce the atmosphere
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masses. We leave investigation of this mechanism for
future work.
In this study, we considered impact erosion during gi-
ant impacts. That is, the difference between the target
mass and impactor mass was up to a factor of about 10.
It may be possible that the mass loss due to smaller plan-
etesimal impacts plays a role in atmospheric loss (e.g.,
Schlichting et al. 2015). It remains to be investigated
whether a large number of high-eccentricity planetesi-
mals exist after gas dispersal.
4.3. Model caveats
In this paper, we used the disk evolution model de-
veloped by Suzuki et al. (2016) and Kunitomo et al.
(2020). Although this model are based on (mag-
neto)hydrodynamical simulations, it has some uncer-
tainties. For example, the parameter for the turbu-
lent viscosity, αrφ, is not well constrained. To compare
with Paper I, we used the same value of αrφ. We also
performed additional simulations using smaller value of
αrφ in Appendix A. As a result, our conclusions did
not change. That is, due to rapid disk clearing by
PEWs, super-Earth cores can avoid accreting massive
atmospheres.
We also briefly considered a different case. If the ef-
fects of MDWs, including wind-driven accretion, and
PEWs are weaker, it is expected that the disk lifetime
will become longer (Kunitomo et al. 2020). Although
we did not perform simulations for such a case, we can
comment on whether longer disk lifetimes could changes
our conclusions. If the disk lifetime was longer in simu-
lations with pebble accretion (e.g., PB2), it is likely that
the amount of accreted gas increased. This is because
the time span of atmospheric gas accretion is longer than
that for PB2. Note, however, that as the inner disk was
still cleared out very rapidly (∼ 0.1 Myr), the time span
of atmospheric accretion was shorter than that in disks
not subjected to the effects of PEWs (e.g., PB1). If the
disk lifetime was longer in simulations without pebble
accretion (e.g., EM2), it is expected that the amount
of accreted gas would not change greatly. As we have
seen in the PB2 simulations, the core masses usually did
not exceed the critical core mass in the disk. Instead, a
core started runaway gas accretion only when the disk
dissipated to some extent (Σg ∼ 1 g cm−2), which then
subsequently grew via giant impacts. As the onset of
runaway gas accretion was also delayed in disks with
longer lifetimes, we expect that the amount of accreted
gas does not change greatly. These cases will be explored
further in future work.
5. CONCLUSIONS
We examined the effects of rapid disk clearing due to
PEWs on super-Earth atmospheres. Our main findings
can be summarized as follows.
1. Due to rapid disk clearing by PEWs, the dura-
tion of gas accretion onto the cores became shorter,
which prevented the cores from accreting massive
atmospheres. In previous disk models, in which
mass loss due to PEWs was not considered, the
disk gas gradually dissipated over a timescale of
a few Myr. Hence, cores that reached the criti-
cal core mass had enough time to accrete massive
atmospheres. On the other hand, in the new disk
model in which the mass loss by PEWs was consid-
ered, the disk rapidly cleared out during the disk-
dissipation phase. As a result, the cores could only
accrete gas for a short time. Such rapid disk dis-
sipation has also been observed (Alexander et al.
2014).
2. When the cores grew solely by planetesimal ac-
cretion, they grew rapidly in the disk. Neverthe-
less, the cores could avoid accreting massive at-
mospheres. If the cores grew by pebble accretion,
they stopped solid accretion when they reached
the pebble isolation mass (& 10M⊕), which was
larger than the critical core mass because there
was no heating in their atmospheres (Paper I)
that could trigger the onset of runaway gas ac-
cretion before the disk-dissipation phase. On the
other hand, if the cores grew solely via planetes-
imal accretion, the isolation mass (. 2M⊕) was
smaller than the critical core mass in some cases.
Thus, the cores exceeded the critical core mass
only when they experienced giant impacts during
the disk-dissipation phase. Therefore, even if the
cores grew rapidly by planetesimal accretion, the
onset of runaway gas accretion was delayed. To-
gether with the rapid disk clearing by the PEWs,
the cores avoided accreting massive atmospheres.
Note that even if the onset of runaway accretion
was delayed, the cores could accrete massive at-
mospheres from the remnant disk if the rapid disk
clearing by PEWs was not considered.
3. Due to the rapid clearing of the disks, there exist
some high-eccentricity embryos after disk dissipa-
tion, which led to efficient impact erosion of the ac-
creted atmospheres. In the work of Paper I, it was
shown that giant-impact events between super-
Earths are not frequent; thus the accreted massive
atmospheres could not be efficiently reduced by
impact erosion. In this study, however, we found
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that the accreted atmospheres could be lost effi-
ciently by impact erosion if small, high-eccentricity
embryos were present after the disk dissipated.
Such high-eccentricity embryos collided with the
super-Earths in inner orbits, which stripped their
accreted atmospheres. This mass-loss mechanism
may be more important than atmospheric photo-
evaporation because atmospheric losses via pho-
toevaporation is efficient only for planets in very
close-in orbits (P . 10 day). Note that for disks
that did not experience rapid clearing by PEWs,
the high-eccentricity embryos were less likely to
remain after disk dissipation. This is because the
remnant disk gas damped the eccentricities of the
embryos, and such embryos with small eccentric-
ities were efficiently accreted by the cores due to
strong gravitational focusing. If the disk was dissi-
pated rapidly by PEWs, high-eccentricity embryos
could remain in the outer regions (' 1 au).
We demonstrated that super-Earths were prevented
from accreting massive atmospheres irrespective of the
accretion mode. It would be very interesting if we can
determine whether super-Earths underwent pebble ac-
cretion in the past from observation. However, it is dif-
ficult to do so, because planets with typical masses of
super-Earths can form in both cases with and without
pebble accretion. Comparing Figures 3 and 6, cores with
less than about 10M⊕ have lower-mass atmospheres in
cases with pebble accretion. This feature may disap-
pears when we consider atmospheric accretion onto cores
with M < Mcrit (see Section 3.1.2). This will be a sub-
ject of future studies.
We investigated formation of super-Earths in inner or-
bits inside 1 au. It would be interesting to investigate
formation of giant planets at larger distances. Due to
the effects of MDWs (mainly wind-driven accretion), the
surface density slope of gas disk is shallower than that
for the minimum-mass solar nebula. Thus, the inward
migration of giant planet cores can be slowed down even
in the outer region, which may help to form giant plan-
ets. However, it would still be difficult to form giant
planet cores within the disk lifetime (e.g. Johansen &
Bitsch 2019). A sufficiently high pebble flux (Bitsch
et al. 2019) and/or enhanced planet-planet collisions in
a warmer disk (Wimarsson et al. 2020) would be re-
quired for the growth of large cores in wide orbits.
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APPENDIX
A. CASE FOR LOWER αrφ
In the work of Suzuki et al. (2016), disk evolution was simulated for two values of αrφ. In this study, we adopted
disk evolution for a higher value of αrφ(= 8 × 10−3) as a standard value. In such a disk, the surface density slope is
almost flat in the inner region inside 1 au, and type-I migration can be significantly suppressed. Many observed orbital
properties (e.g., the period–ratio distribution) can be reproduced in this case (Ogihara et al. 2018a). On the other
hand, when a lower value of αrφ(= 8× 10−5) is used, the surface density slope can be positive in the close-in region,
leading to outward migration of embryos and planetesimals (e.g., Ogihara et al. 2018b). Here, we briefly mention the
model in which the lower value of αrφ was used, where the gas was carved out from the inside.
We confirm that our findings hold true for this different disk evolution (see figure 2 of Kunitomo et al. (2020) for the
corresponding disk evolution). Figure 10 shows typical results for disks without and with mass loss due to PEWs. Note
that the pebble flux was set to a lower value of M˙pb = 5× 10−6M⊕ yr−1, because pebble accretion is more efficient for
smaller pebble scale heights. After the planetary cores grew to the pebble isolation mass, they accreted massive H2/He
atmospheres in disks without PEW effects (Figure 10(a)). When the disk evolution includes PEWs, the time span
of gas accretion was shortened, and super-Earths could form without accreting massive atmospheres (Figure 10(b)).
We also found that the migration was suppressed compared to the previous study (Ogihara et al. 2018a), who did not
consider pebble accretion. Figure 11 summarizes five runs of simulations. We found that the super-Earths possessed
a large amount of atmospheric gas in disks that did not contain PEWs (Figure 11(a)). On the other hand, if the inner
disk was rapidly cleared out by the PEWs, the amount of accreted gas decreased (Figure 11(b)). This trend is the
same as seen in Section 3.1.
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Figure 10. Same as Figure 2, but for inactive disks.
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